The effects of protein and/or energy deficiency on 14C incorporation into body constituents and 14C output in expired air and urine were investi gated in adult rats using 14C-Chlorella protein hydrolysate. Rats were given a protein-free diet (PFD) for 2 weeks and control rats were fed ad libitum or pair-fed with the PFD group on a 12% lactalbumin diet (LA and Pair-fed, respectively). On the 15th day, animals received 14C Chlorella protein hydrolysate with 5g of their respective diet. One group of PFD animals was given tracer by stomach tube without food (PFD fast). Normal control rats ate about twice as much diet as the PFD group. The respiratory 14C output in the PFD group was identical with those in the LA and Pair-fed groups and was less than that in the PFD-fast group, The rate of protein synthesis, provisionally expressed as rela tive specific radioactivity, was more in the PFD group than in the normal group in the liver and less than the latter in the muscle. The LA group retained less total radioactivity in the body than the Pair-fed or PFD group, indicating high capability to hold the body protein in protein de ficiency. In addition, decreased conversion of amino acids to lipids and glycogen was observed in the PFD group. All these differences are interpreted as adaptations to protein shortage. On prolonged fasting (PFD-fast group), gluconeogenesis in the liver increased to provide energy, despite the protein deficiency. The relative importances of protein and energy for tissue protein synthesis are briefly discussed.
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It is well known that energy intake affects tissue protein synthesis and results in various changes in utilization of dietary protein (1) (2) (3) (4) (5) (6) . Although the intakes of protein-free, low protein and normal protein diets are quite different, attention has been paid exclusively to the effects of the protein level, not the energy level, on dietary protein utilization, measured as incorporation of labelled amino acids into tissue protein.
Moreover, most experiments have been performed on grow ing animals using a single labelled amino acid administered parenterally as a tracer and usually only the incorporation of this labelled amino acid into the protein fraction of a certain organ has been examined. The mode of incorpora tion of a single labelled amino acid does not necessarily reflect the general pat tern of protein metabolism, because the metabolic specificity of this amino acid may influence the results. Thus, we re-examined the effects of protein and energy intake on protein utilization under different experimental conditions from those used previously.
In the present study, the incorporation of orally administered 14C -Chlorella protein hydrolysate into the acid-soluble fraction, protein, lipid and glycogen in various tissues and the output of 14C in expired air and urine in 24 hr were compared in groups of adult rats on protein-free diet, normal protein diet and normal protein diet pair-fed with the protein-free diet.
MATERIALS AND METHODS
Animals and diets. Male Wistar rats, weighing about 200g, were fed a com mercial stock diet for 2 weeks until they weighed 300g and then were given a 12% lactalbumin diet (Table 1) for one week. Then the animals were divided into four groups of 4 to 5 rats and given experimental diets for 2 weeks (Table 1) . Two groups of rats received protein-free diet ad libitum (PFD). The third group was fed ad libitum on 12% lactalbumin diet (LA) and the fourth group was pair-fed with the PFD group on 12% lactalbumin diet (Pair-fed). The Pair-fed rats re 
RESULTS
Food intake and body and liver weights The food intake of rats on the protein-free diet decreased gradually in the first week of the experiment and then remained constant.
The average intake of the PFD group was 16.7 g per day, while that of the LA group was 26.6 g per day.
As a result, the rats in the PFD group lost about 50 g body weight in the two-week period, while those in the LA group gained about 100g.
Animals in the Pair-fed group maintained their initial weight.
The average liver weights of animals in the PFD, Pair-fed and LA groups were 10.0 g, 15.3 g and 16.7g, respectively.
Absorption of 14C-Chlorella protein hydrolysate Table 2 shows the absorption rates of 14C-Chlorella protein hydrolysate. When given with 5g of the respective diets, the absorption rates were the same and the 14C was absorbed almost completely within 7hr.
14C Absorption in the PFD-fast group was faster than that in the other groups and was complete within 3hr. Output of 14C in expired air and urine Changes in 14C outputs in the expired air and urine are shown in Table 3 . In the PFD, Pair-fed and LA groups, the rate of 14C expiration increased rapidly in the first 3 hr and then more slowly, regardless of the diet. About 16% and 20 to 25 % of the absorbed 14C were converted to CO2 in 3 and 7hr, respectively. The rate in the PFD-fast group was more than in the other three groups and about 30% of the absorbed 14C was expired in the first 3hr. From these findings it is concluded that complete oxidation of the amino acids is influenced more by whether the tracer is given with or without the diet than by the diet in the preceding 2-week experimental period. 14C Output in urine varied in the different groups . In the PFD and Pair-fed groups about 5 % of the absorbed 14C was excreted in 24hr. However, in the LA group 10% was excreted, suggesting that protein deficient animals retained more nitrogen than control animals. 14C Excretion by the PFD-fast group was similar to that by the PFD group.
Incorporation of 14C into tissue proteins
The specific radioactivities of free amino acids (dpm/mg NH2-N) and protein (dpm/mg protein) in tissues are shown in Table 4 and Figs. 1-A, 1-B and 1-C. Table 6 . Changes of total radioactivities in liver, plasma and muscle proteins (% of total dpm absorbed in total protein of each organ).
a, b Significantly different from values for the PFD group at levels of 5% and 1%, re spectively. c The total plasma volume and total muscle mass were taken as 3.5% and 45% of the body weight, respectively.
Taking account of the free amino acid pool and organ size, the relative specific radioactivity (specific radioactivity corrected for the free amino acid concentra tion in PCA-soluble fraction) and total radioactivity (% of the total absorbed dpm in the tissue protein) were also calculated and values are shown in Tables 5 and  6 , respectively. In calculating the total radioactivity in the plasma and muscles, the total plasma volume and total muscle mass in the whole body were taken as 3.5% and 45% of the body weight, respectively (11) . Speck radioactivities of free amino acids in liver and muscle. The specific radioactivities of free amino acids in liver of all the groups, except PFD-fast group, increased until 7hr and then decreased and the values were found to be similar in the three groups with minor differences regardless of protein and energy intakes. In the PFD-fast group the value was higher at 3hr than at 7hr. Whereas in the muscle, the values of PFD group were higher than those of the other groups. Liver. The protein concentrations of the liver were about 140mg, 180mg and 200mg per gram of liver in the PFD, Pair-fed and LA groups, respectively. The value in the PFD group was significantly lower than those in the other groups. The specific radioactivities of liver protein in the PFD, Pair-fed and LA groups in creased rapidly in the first 7hr and then became rather steady, as shown in Fig.  1-A . The specific radioactivity of the PFD-fast group was maximal after 3hr. Both the specific radioactivity and relative specific radioactivity of the PFD group were higher than those of the other groups, indicating that hepatic protein synthesis was actually enhanced in protein depleted adult animals ( Fig. 1-A and Table 5 ).
Despite the decreased mass and protein content of the liver of protein deficient animals, the total radioactivity in the liver was comparable to or more than those of the Pair-fed and normal controls ( Table 6 ). The specific radioactivity in the PFD-fast group was significantly higher than that in the PFD group after 3 hr, but less than the latter after 7hr. This finding seems to be a reflection of the differences in the rates of 14C absorption in the two groups, because their relative specific radioactivities were quite similar.
Plasma. The concentration of plasma protein ranged from 50 to 60mg per ml of plasma and was rather low in protein deficient animals. The specific radioactivity of plasma proteins increased rapidly for 7hr and then remained steady in all but the PFD-fast group, as shown in Fig. 1-B . The specific and total radioactivities were low in the PFD-fast group but were similar in the other three groups.
Muscle. The concentrations of muscular protein were similar in the four groups and the values ranged from 210 to 260 mg per gram muscle. The specific radioac tivity in the Pair-fed and PFD groups increased rapidly for 7hr and 12hr, respec tively and then remained steady. A similar change in specific radioactivity was observed in the LA group, but the values were always lower than those in the pro tein deficient animals ( Fig. 1-C) . Unlike the specific radioactivity, the relative specific radioactivity tended to be higher in the Pair-fed. and LA groups than in protein-deficient animals ( Table 5 ). In spite of the reduction in muscle mass in protein deficiency, the total radioactivities in the PFD and Pair-fed groups were higher than that in the LA group, suggesting that when adapted to protein de fi ciency, animals could retain nitrogen more efficiently in the muscle as well as in the liver. The higher ability to conserve nitrogen in the body in protein shortage was further confirmed by calculating the sum of the total radioactivities of the respective organs, as shown in Table 6 . The results show that 14C retention was higher in protein deficiency. The specific and total radioactivities of the PFD fast group were lower than those of the other three groups, indicating that both protein synthesis and 14C retention as body protein were low in this energy-defici ent group.
Incorporations of 14C into glycogen and lipid
The incorporations of 14C into glycogen and lipid are shown in Tables 7 and   Table 7 . Specific radioactivities of liver and muscle glycogen (dpm/mg glycogen).
a,b, c Significantly different from values for the PFD group at levels of 5% , 1% and 0.1 %, respectively. 8, respectively. Specific radioactivity of hepatic glycogen in the LA group was much higher than those in protein-deficient animals (PFD and Pair-fed). This shows that gluconeogenesis from the amino acids in liver of protein-depleted ani mals decreased as an adaptive response to protein deficiency. However, it seems significant that gluconeogenesis was active even in the PFD group. Moreover, the protein and energy-deficient rats (PFD-fast) had quite high specific radioactivity and this indicates that on prolonged fasting, conversion of amino acids to glycogen was accelerated to provide energy. This was also observed in muscle.
As shown in Table 8 , 14C incorporation into body lipid was higher in the LA and Pair-fed groups than that in the PFD group, indicating that lipogenesis from Table 8 . Specific radioactivity of carcass lipid (dpm/mg lipid). a, b Significantly different from values for the PFD group at levels of 5% and 1%, re spectively. Table 9 . Distributions of 14C in liver and muscle.
amino acids was reduced in protein deficiency. It should be noted that a consid erable amount of 14C amino acids was converted to lipid even in protein deficiency . The reason why lipogenesis in the Pair-fed animals did not decrease is unknown , but it may be partly due to their feeding pattern, although their diet was provided three times a day to avoid extreme meal feeding.
Distributions of 14C in liver and muscle Table 9 shows the distributions of 14C in the tissue fractions of liver and muscle . The proportions of 14C in the protein fraction of liver increased with time , while that in the PCA-soluble fraction of liver decreased in all the groups . Similar results were obtained with muscle. The lipid and glycogen fractions together contained about 10% of the total 14C in the tissues and most of this was present in the lipid fraction. The rather large amount of 14C in the lipid fraction may be due to the procedure for extraction of this fraction using ethanol-ether mixture .
DISCUSSION
The amounts of 14C expired in the PFD, Pair-fed and LA groups were similar and about 23% and 30% of the absorbed 14C were expired in 7 and 24hr, respec tively. These values are comparable to those of AGUILAR et al. (12) who reported that when growing rats fed on 18% casein diet were given 14C-labelled Chlorella protein, 36% of the administered 14C was recovered in the expired air in 24hr. When 14C-amino acid is administered to animals, the appearance of 14C in the ex pired air means that the labelled amino acid has been subjected to complete break down and used as an energy source. MCFARLANE and HOLT (13) found that when growing animals were kept on 2% and 27% casein diets and given 14C-labelled non-essential amino acids, their 14C outputs as CO2 were similar, whereas when 14C-labelled essential amino acids were administered to the animals , less 14C was expired as CO2 in protein deficient animals. In the present study on adult animals , 14C output in expired air did not vary with the protein content of the diet . There may be two reasons for this. First, the 14C-Chlorella used in this study contained as much as 52% of non-essential amino acids. Second, adult animals were used and their requirements for essential amino acids were , lower than those of growing animals. Therefore, the age of the animal and 14C-amino acid used as tracer seem to be important factors on respiratory 14C output. The 14C output in ex pired air in the PFD-fast group was higher than those in the other groups and this agrees with the reports of several investigators (14) (15) (16) and indicates that break down of amino acids is enhanced when energy is not supplied for a prolonged time.
No difinite conclusion has been reached on the long-standing question of whether the increased incorporation of labelled precursor into hepatic protein seen in malnourished animals should be regarded as representing accelerated pro tein synthesis. One group of investigators (17) (18) (19) (20) considered that this was an apparent phenomenon due to decrease in hepatic protein and shrinkage of amino acid pool in protein deficiency, whereas another group of workers (21--23) con cluded from their results that increased protein synthesis actually occurred in liver, even taking changes in pool size into consideration. In the present work on adult animals, results showed that 2-week protein depletion resulted in increas ed protein synthesis in the liver because both the specific and relative specific radio activities in the PFD group were generally higher than those in the Pair-fed and LA groups. This suggests that the dietary protein has more effect on hepatic protein synthesis than dietary energy. The LA group fed ad libitum ate more food than the Pair-fed animals, but the relative specific radioactivities in liver in these two groups were identical (Table 5) .
A slight, but insignificant decrease in the relative specific radioactivity was observed in the muscle of the PFD group compared with those in the Pair-fed and LA groups. This supports the idea that dietary protein affects synthesis of protein more than dietary energy in muscle as well as seen in liver. In connection with this, the effect of aging on synthesis of tissue protein, and particularly of muscle protein, has to be considered. Another point for further study is the precise determination of the relative specific radioactivities of tissue proteins. The relative specific radioactivity calculated in this study was a rather gross value, because values for amino acids in the acid-soluble fraction and in protein were not determined individually.
The present work provided several interesting results on adaptation to pro tein deficiency. The total radioactivities in liver and muscle proteins in the PFD and Pair-fed groups were comparable to or higher than those in the LA group. Furthermore, urinary output of 14C Was low in protein deficiency. Moreover, conversion of amino acids to glycogen and lipid in the liver was less in the PFD group than in the LA group (Tables 7 and 8 ). These findings show the ability of protein depleted animals to retain nitrogen more efficiently in their body.
Comparison of the present results of the PFD-fast and PFD groups provides information on the influence of prolonged fasting. Both 14C output in expired air and gluconeogenesis in liver from amino acids, as deduced from the specific radioactivity of glycogen, were higher in the PFD-fast group than in the PFD group. This shows that in these energy deficient animals complete oxidation of amino acids was enhanced. These findings conform with the report of MUNRO (17) that when 14C-lysine was given with food, the incorporation of 14C into liver pro tein was higher than when only tracer was administered and with the finding of SIDRANSKY and VERNEY (23) that heavier liver polysomes appeared even when protein-free diet was given after fasting.
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